During the first trimester of pregnancy, appropriate regulation of estradiol (E2) is essential for normal placental development. Previous studies demonstrate that premature elevation in E2 concentrations can lead to abnormal placentation, but have not fully elaborated the mechanism of this effect in the firsttrimester trophoblast. Our aim was to determine whether E2 elicits trophoblast cell death or inhibits proliferation. The firsttrimester human cytotrophoblast cell line HTR-8/SVneo was cultured in phenol red-free medium containing charcoalstripped serum and treated with 17beta-E2 at concentrations between 0 and 100 nM. TUNEL and invasion assays indicated that E2 significantly increased cell death and reduced cell invasion at 10 nM, and nuclear Ki67 expression revealed that it decreased cell proliferation at 1 nM. A similar effect on cell death was observed in first-trimester placental explants. The E2 antagonist fulvestrant blocked all effects of E2. Immunohistochemistry showed that protein expression of proapoptotic caspases 3, 8, and 9 increased at E2 concentrations of 25 nM and greater, whereas expression of antiapoptotic BCL2-alpha decreased at E2 concentrations of 10 nM and greater. Additionally, treatments with estrogen receptor (ER) alphaspecific and ERbeta-specific agonists at concentrations between 0 and 1000 nM indicated that only ERalpha mediates E2's effects, although immunohistochemistry and Western immunoblotting showed that HTR-8/SVneo cells and placental explants express both ERalpha and ERbeta. Taken together, these findings reveal the interplay between elevated serum E2 and apoptosis in the first trimester of pregnancy. These factors could be associated with pregnancy complications including infertility and uteroplacental insufficiency. apoptosis, developmental biology, estradiol, first-trimester placenta, steroid hormone receptors, steroid hormones
INTRODUCTION
The physiology of the placenta during the first trimester of pregnancy impacts its ultimate establishment [1] . Thus, in order for normal placentation to take place, a careful dynamic between a number of agents and processes must take place. For instance, the trophoblast itself, marking the boundary between the placenta and mother, is comprised of layers that carry out distinct functions and are critical to the development of the human embryo: the multinucleate syncytiotrophoblast layer regulates the transport of nutrients and wastes and maintains blood chemistry at the interface [2] and mononuclear cytotrophoblast cells demonstrate invasive behavior following proper differentiation [3, 4] . Further, in the tips of the villi, cytotrophoblasts differentiate into penetrable extravillous trophoblasts (EVTs). These cells invade the uterine maternal tissue, anchor the placenta, and contribute to the uterine and spiral artery remodeling essential for expanding blood supply to the growing embryo [5, 6] .
Normal placental development also depends in part on estradiol (E2), which regulates growth, differentiation, and metabolic processes of the placenta [7, 8] . However, maternal serum E2 levels do not increase indefinitely, especially during the first trimester: although E2 serum levels can reach up to 7192 pg/ml (about 26.404 nM) in the second trimester of normal pregnancies [9] , in the first trimester, E2 levels remain between 188 and 2497 pg/ml (0.690-9.167 nM). It is not fully understood what influences serum E2 levels, but others have suggested it to be linked to factors including diet [10, 11] and exposure to environmental pollutants [12] . Studies of the baboon model, a good correlate to human spiral artery invasion and transformation [13] , show that premature E2 elevation in the first 60 days of pregnancy compromises EVT invasion and uterine blood flow dynamics [14, 15] . Specifically, premature E2 elevation increases uterine artery pressure and decreases uterine blood flow, ultimately disrupting fetal homeostasis and development. Also, in humans undergoing IVF, elevated serum E2 in the first trimester is linked to impaired placentation and pregnancy complications, including preeclampsia and intrauterine growth restriction [16] [17] [18] . The aforementioned conditions are also associated with apoptosis [19] [20] [21] .
Like E2, apoptosis is another important regulator of placentation. Apoptosis is ubiquitous among multicellular organisms, helping to maintain normal cell turnover and ultimately contributing to the homeostasis of a number of physiological systems and processes, including those involved in pregnancy. As delineated by Straszewski-Chavez et al. [22] , apoptosis is present in varying capacities throughout the beginning of normal pregnancies. The implantation stage, for example, involves blastocysts eliciting apoptosis in the uterine epithelium [23] and in the decidua. Additionally, as Allaire et al. [24] suggested, the invading trophoblast and maternal immune system require a careful and mutual balance of apoptosis in order to prevent fetal allograft rejection. Proapoptotic proteins are also involved in promoting differentiation and cell turnover in the villous trophoblast, with emphasis in the syncytial compartment [25] . Furthermore, along with proliferation and cyclin and cyclin-dependent kinase expression, apoptosis is involved with EVT invasion and eventual placental development [22, 26] . Specifically, it has been proposed that through factors including the Fas ligand and members of the TNF family, trophoblast apoptosis mediates uterine and spiral artery remodeling and aids in vascular smooth muscle cell death, ultimately contributing to the vascular integrity of the growing placenta [27, 28] . Apoptosis is thus an apparent limiting factor during trophoblast endothelial and interstitial invasion [29] .
In normal pregnancy, apoptosis is low in the first trimester but increases throughout the course of pregnancy [30, 31] , and E2 level follows a similar progression [32] . Hence, left unimpeded, high levels of both E2 and apoptosis in early pregnancy could be harmful to placentation. The link between E2 and apoptosis and its possible correlations with impaired placentation, nevertheless, are not fully understood.
The present study was designed to explore how abnormally elevated E2 negatively impacts placental trophoblast viability at the beginning of pregnancy. Accordingly, we examined the effects of E2 on cell death, proliferation, and invasion using TUNEL, Ki67 nuclear expression, and invasion assays respectively, and we also studied the immunohistochemistry of caspases associated with apoptosis in the first-trimester human cytotrophoblast cell line, HTR-8/SVneo. This cell line shares similarities with the parental trophoblasts from which it is derived, including invasive abilities and expression of trophoblast marker proteins, and cells also have prolonged lifespans and proliferative capacity [33, 34] . Moreover, our primary experiments were confirmed using a first-trimester villous explant model. Our findings indicate that E2 elevation above the upper range of its circulating concentration in maternal serum in the first trimester is detrimental to trophoblast survival.
MATERIALS AND METHODS

Human Cytotrophoblast Cells and Villous Explant Cultures
A first-trimester immortalized human cytotrophoblast cell line, HTR-8/ SVneo (provided by Dr. Charles Graham of Queen's University), cultured in vitro [34] , was used in all experiments. Cells were cultured in phenol red-free Dulbecco modified Eagle medium/Ham F12 medium (Life Technologies), supplemented with 10% charcoal-stripped fetal bovine serum (FBS; Sigma Aldrich), in 96-well tissue culture plates (Becton Dickinson).
First-trimester villous explants were also used to determine the effect of E2 on apoptosis. Specimens were isolated from first-trimester terminations at a Michigan family planning facility. Placental tissues were obtained with Wayne State University Institutional Review Board approval and patient informed consent. Fresh tissue was placed on ice in PBS and immediately transported to our lab. Here, the chorionic villi were dissected into individual villi or villous clusters and cultured in 24-well culture plates (Becton Dickinson) to be used in subsequent assays.
Preparation of Ligands
A 10 mM stock solution was prepared with E2 powder and dimethyl sulfoxide (DMSO; Sigma Aldrich) for assays testing the effects of E2. The stock solution was then diluted in culture medium to create 1, 10, 25, and 100 nM solutions. Additionally, because each E2 solution contained DMSO in a 1:1000 ratio, 1 ll DMSO was added to FBS media to create the vehicle control (0 nM E2). For the cell death and cell proliferation assays, 2 ll of a stock solution of 5 mM fulvestrant (ICI 182,780; Sigma Aldrich) was prepared with DMSO and diluted to 25 nM in culture medium. Cells were exposed to E2 for 24 h and first-trimester villous explants were exposed for 18 h after arrival from the clinic. Stock solutions of 10 mM progesterone (P4) were likewise made using powder (Sigma Aldrich) and FBS media.
Similarly, 1 mM stock solutions of estrogen receptor a (ERa)-specific agonist 4,4 0 ,4 00 -(4-propyl-[1H]-pyrazole-1,3,5-triyl) trisphenol (PPT) and the ERb-specific agonist diarylpropionitrile (2,3-bis(4-hydroxyphenyl)-propionitrile) (DPN; Tocris Bioscience) were prepared with DMSO. The stock solutions were diluted into culture medium, creating 1, 10, 100, and 1000 nM concentrations, and 1 ll DMSO was added to medium for the vehicle control as described above.
Finally, 5 mM stock solutions of pan-caspase inhibitor Z-VAD-FMK, caspase 3 inhibitor Z-D(OMe)E(Ome)VD(OMe)-FMK, caspase 8 inhibitor Z-IE(OMe)TD(OMe)-FMK, caspase 9 inhibitor Z-LEHD-FMK, and the inactive analog Z-FA-FMK (EMD Millipore) were prepared with DMSO (Sigma Aldrich). The aforementioned caspase inhibitors were diluted 1:5000 in 0 and 25 nM E2.
Cell Death Assays
TUNEL was used to assess cell death. After the incubation period, cells were fixed with 4% paraformaldehyde for 30 min and permeabilized with 0.1% Triton-X100 for 10 min. Cells were then washed for 5 min with PBS three times. The same procedure was used for the villous explants, but the tissue was incubated with 4% paraformaldehyde overnight at 48C, exposed to 0.1% Triton-X100 for 20 min at room temperature, and washed for 10 min with PBS three times. A fluorescein-based kit from Roche Applied Science was used to perform the TUNEL assay, and cells were counterstained with 5 lg/ml 4 0 ,6-diamidino-2-phenylindole HCl (DAPI). A Hamamatsu Orca digital camera with a Leica DM IRB epifluorescence microscope and Simple PCI (Hamamatsu) imaging software were utilized for quantitative analysis. Three regions per well were chosen to obtain images of total cell number (DAPI labeled) and apoptotic cells (TUNEL labeled) and to calculate the percentage of apoptotic nuclei (TUNEL index ¼ [TUNEL labeled/DAPI labeled] * 100).
Immunohistochemistry
Fixed, permeabilized cells were treated with 10 lg/ml of each of the following mouse primary antibodies: cleaved caspase 3, caspase 8, caspase 9, and BCL2-a (Cell Signaling Technology). In addition, 10 lg/ml nonimmune mouse immunoglobulin G (IgG; Jackson Immunoresearch Laboratories, Inc.) was added to control wells. Plates were incubated at 48C overnight. An Envision System peroxidase anti-mouse kit (DAKO), bright-field microscopy, the digital camera, and the imaging software were used to visually analyze antibody labeling. Images of three different regions of each well were taken with a background light intensity set at a gray level of 255, and mean gray levels were recorded for each image. Values obtained for the control wells (incubated with nonimmune IgG) were averaged and subtracted from values obtained with specific antibody.
In addition, first-trimester villous explants at a gestational age of 8 wk were used to test for the presence of ERa and ERb receptors. As described above, first-trimester placental samples were obtained with informed consent. They were washed, sectioned, and mounted onto glass slides, and later deparaffinized and rehydrated as delineated by Imudia et al. [35] . The slides were then incubated at 48C with either 200 lg/ml anti-a (HC-20) (sc-543; Santa Cruz Biotechnology Inc.) or 1 lg/ml anti-ERb antibody [14C8] (ab288; Abcam) overnight. As a control, another slide was incubated overnight with 10 lg/ml nonimmune mouse IgG. Tissues were then washed three times in 13 PBS, labeled with 10 lg/ml biotin-conjugated goat anti-rabbit or rabbit anti-mouse antibodies (Jackson ImmunoResearch), and stained using Envision System peroxidase kits. After the tissues were dehydrated and coverslipped, they were viewed under light microscopy.
Invasion Assay
Cells (20 000 per well) were cultured for 72 h on Matrigel (Collaborative Research) in 6.5-mm transwell inserts (Corning Inc.), as previously reported [34] . Cells were cultured in 0, 1, 10, 25, and 100 nM E2 and also 25 nM E2 þ ICI 182,780 on the Matrigel for 72 h at 378C. Cells that penetrated the Matrigel and populated the lower chamber were detached using a trypsin-EDTA solution and fixed. They were later visually analyzed using light microscopy and counted.
Cell Proliferation Assays
Proliferation was assessed by immunohistochemistry, using nuclear labeling of Ki67, a marker for cell proliferation. Nuclei expressing Ki67 were labeled with 10 lg/ml affinity-purified mouse antibody (DAKO) and stained PATEL ET AL.
using an Envision System peroxidase anti-mouse kit (DAKO). Bright-field microscopy and the digital camera and imaging software were used to count the number of cells that stained positively for Ki67 and the total cell number in three regions of each well in order to ultimately calculate the percentage of Ki67-positive nuclei (Ki67 index ¼ [Ki67 positive cells/total number of cells] * 100).
Western Immunoblotting
Cells were cultured in tissue culture flasks for 72 h in serum-free medium. A rubber policeman and ice-cold PBS were used to dislodge the nonadherent cells, and they were recovered by centrifugation at 1000 3 g. Ice-cold SDS sample buffer (3.00 g Tris-acetate, 8.00 g SDS, 40.00 ml glycerol, 100 ml distilled water, and HCl to lower pH to 6.8) containing a mixture of protease inhibitors (1 mM PMSF, 25 KIU/ml aprotinin, 2 M leupeptin, 2 lM antipain, 10 lM benzamidine, 1 lM pepstatin, and 1 lM chymostatin; Sigma Aldrich) was added to lyse the cells. The lysate was centrifuged at 14 000 3 g for 5 min, and the protein concentration of the resulting supernatant was determined using a Bio-Rad DC protein assay. An SDS loading buffer containing bmercaptoethanol was added to the protein extract (35 lg/lane), and the resulting solution was heated at 958C for 5 min. SDS gel electrophoresis was conducted according to Laemmli [36] , using biotinylated protein ladders (Cell Signaling Technology). After electrophoretic transfer of the proteins to a 0.45-lm nitrocellulose membrane (Fisher Scientific), membranes were blocked for 1 h with 5% nonfat dry milk in 20 mM Tris-HCl, pH 7.6, 145 mM NaCl, and 0.1% Tween-20 (TTBS), then incubated at 48C overnight with 10 ml of the blocking solution containing one of the following: 200 lg/ml anti-ERa (HC-20) or 1 lg/ml anti-ERb antibody [14C8] . Blots were washed with TTBS three times and then incubated in 10 ml of blocking solution containing either 20 lg/ ml anti-rabbit IgG horseradish peroxidase (HRP)-linked antibody (Jackson ImmunoResearch) and anti-biotin (for ERa) or 20 lg/ml anti-mouse IgG HRPlinked antibody (Jackson ImmunoResearch) and anti-biotin (for ERb) for 1 h at 258C. Blots were then washed three times with TTBS. ECL solution (Amersham) was added to the blots for 1 min and exposed to x-ray film to visualize labeled protein bands. For the six first-trimester placental samples of gestational ages 8, 8, 9, 12, 12, and 12 wk, the aforementioned method did not allow for us to visualize distinct bands; therefore, for increased sensitivity, the V3 Western Workflow system (Bio-Rad Laboratories) protocol as described by Posch et al. [37] was utilized.
Statistical Analysis
All experiments were repeated at least three times and all assays were run using at least triplicate samples. Comparisons with vehicle controls were made for TUNEL indices, antibody staining intensity gray levels, invading cell numbers, and Ki67 indices by analyzing results using ANOVA and following with Dunnett or Bonferroni t-test for post hoc analysis.
RESULTS
E2 Induces Cell Death
Cell death was first analyzed using the TUNEL assay and quantified as TUNEL indices, as delineated in Materials and Methods. Compiled data show that in relation to the vehicle control, E2 elevated cell death of HTR-8/SVneo cells in a dosedependent manner (Fig. 1, A and B) . Significantly, 10 nM E2 increased cell death by 300% and 25 nM E2 increased cell death by almost 400% (P , 0.01). Additionally, 100 nM solution increased cell death by greater than 600% (P , 0.001). Moreover, addition of the anti-estrogen inhibitor ICI 182,780 to 25 nM E2 led to a decrease in the cell death effect by greater than 170% compared to 25 nM E2 alone (P , 0.05). Cell death also was elevated by E2 in trophoblast cells of firsttrimester villous explants (Fig. 1C) .
We observed disparate cell death effects of E2, P4, and the combination of 10 nM E2 and varying P4 concentrations (Fig.  1D) . Consistent with our earlier experiments, E2 led to increased cell death in a concentration-dependent manner. However, TUNEL indices remained relatively stable despite higher P4 concentrations, and in the combination solutions, E2's effect on cell death was reduced by the addition of higher P4 concentrations. For example, there were significant differences between the E2 and P4 combination solutions containing 10 nM E2 and 10 nM P4 and higher (P , 0.05 and P , 0.001).
We further tested our hypothesis that E2 induces apoptosis by immunostaining of cleaved caspase 3, a proapoptotic protein ( Fig. 2A) . Just as TUNEL indices increased with E2 concentrations, protein activity (quantified by gray-level staining intensity) increased in an E2 concentration-dependent manner; and it was significantly elevated at 25 nM E2 (P , 0.05) relative to vehicle. Further, compared to the vehicle, 100 nM of E2 increased caspase 3 gray level by about 320% (P , 0.01). The positive relationship between caspase 3 staining and E2 concentrations was also observed with the initiator proapoptotic proteins, caspase 8 ( Fig. 2B ) and caspase 9 (Fig. 2C) . At 25 nM, E2 led to about a 150% higher gray level of cleaved caspase 8 than the control (P , 0.01), and at 100 nM E2, about a 190% higher gray level in comparison to the vehicle (P , 0.001). Compared to the control, caspase 9 gray levels were increased by about 470%, 590%, and 890% in the 10, 25, and 100 nM E2 solutions, respectively (P , 0.001). In contrast, immunostaining of BCL2-a, an antiapoptotic protein, displayed a negative relationship as E2 concentrations increased (Fig. 2D) . Relative to vehicle, gray levels decreased by 120% in the 10 nM E2 solution, 150% in the 25 nM E2 solution, and 210% in the 100 nM solution (P , 0.001).
As measured through TUNEL indices, inhibitors of caspase 3, 8, and 9, as well as the pan-caspase inhibitor, appeared to reduce the cell death effect induced by E2 (Fig. 3) . In particular, compared to 25 nM E2 alone, the treatment containing 25 nM E2 plus one of the aforementioned caspase inhibitors significantly reduced TUNEL indices (P , 0.05). Also of note, the inhibitor of caspase 8 in the 25 nM E2 solution led to significantly different TUNEL indices than did the caspase 3, caspase 9, and pan-caspase inhibitor (P , 0.05).
E2 Negatively Affects Cell Invasion
HTR-8/SVneo cells cultured on Matrigel were affected by E2 in a dose-dependent manner (Fig. 4) . Significant reduction in cell invasion was observed at and above 10 nM: the number of invading cells was reduced by an average of 210% (P , 0.05), 340% (P , 0.01), and 630% (P , 0.001) in the 10, 25, and 100 nM E2 solutions, respectively, compared to the vehicle control. Also, there was about 220% fewer cells invading the pores in the 25 nM E2 solution compared to solution containing the addition of ICI 182,780 (P , 0.05). As the inserts were not moved to new wells each day during the 72-h incubation, it is not clear whether the final count of the cells was affected by proliferation from the cells that had previously entered the lower chamber.
E2 Reduces Cell Proliferation
Nuclear Ki67 immunohistochemistry was performed to determine whether E2 affected proliferation of the HTR-8/ SVneo cell line. Concentration-dependent effects were observed (Fig. 5) , with significant reduction of nuclear Ki67 labeling at E2 concentrations greater than 1 nM, compared to the vehicle (P , 0.001). For example, at 100 nM, E2 decreased proliferation by 240%. Furthermore, relative to 25 nM E2 alone, the addition of ICI 182,780 to 25 nM E2 increased cell proliferation by 150% (P , 0.01). Overall, the finding that E2 led to higher TUNEL indices and promoted cell death was consistent with the trend represented by the Ki67 labeling indices.
ELEVATED E2 CAN BE DELETERIOUS TO THE PLACENTA
The estrogen receptor has two nuclear receptor subtypes, ERa (ESR1) and ERb (ESR2), with differing activities [38] . Both subtypes were expressed in the cell line HTR-8/SVneo (Fig. 6A ) and in first-trimester trophoblast cells of villous explants (Fig. 6B) . Additionally, substantial nuclear staining of ERa was found in first-trimester placentas, and ERb was also detected (Fig. 6C) .
To determine whether ERa or ERb mediated the observed E2-induced apoptosis and decreased cell proliferation in human cytotrophoblast cells, the effects of receptor subtype-specific ligands PPT and DPN were studied in the HTR-8/SVneo cell line. The ERa-specific ligand PPT mimicked the effect of E2 in terms of apoptosis (Fig. 7, A and B) . Using the TUNEL assay, cell death increased by 280% after treatment with 10 nM PPT, 390% at 100 nM, and 480% at 1000 nM (P , 0.001), compared to the vehicle. In contrast, the ERb-specific ligand DPN displayed no significant effect on apoptosis (Fig. 7C) . These results were consistent with our findings on cell proliferation: we found that the effects of E2 and PPT on Ki67 followed a similar trend (Fig. 8, A and B) , where cell proliferation at 1000 nM PPT was decreased 260% compared to the vehicle control (P , 0.001). However, the ERb-specific ligand DPN again displayed no significant effect on cell proliferation (Fig. 8C) . The findings of these experiments indicate that although both ERa and ERb are present in the HTR-8/SVneo cell line and in the first-trimester trophoblast, E2 elevates cell death and reduces cell proliferation exclusively through the ERa subtype.
DISCUSSION
From guiding neuronal growth and survival to affecting body weight and metabolism, E2 carries out essential roles in the body, and the placenta is no exception. But although E2 is necessary throughout gestation for trophoblast differentiation and migration [39, 40] and overall success of pregnancies [8] , its levels in the first trimester do not increase without consequence. Although some studies have not found high E2 levels to negatively affect placental integrity [41] [42] [43] others report that elevated serum E2 can be detrimental to implantation [16] [17] [18] . In mice, for example, low E2 levels sustain uterine receptivity for blastocyst implantation, whereas with differing P4 concentrations were also tested (gray). Statistical significance is denoted by asterisks comparing each concentration with the vehicle control for B, C, and D and also for comparing each combination treatment with 10 nM E2 alone for D (*P , 0.05, **P , 0.01, ***P , 0.001). Bars represent mean 6 SEM (n ¼ 3).
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FIG. 2. E2 affects proapoptotic and antiapoptotic proteins. Antibody activity was quantified using immunohistochemistry and gray-level image analysis on HTR-8/SVneo cells.
A) The effect of E2 on the activity of effector proapoptotic protein caspase 3. B and C) The effect of E2 on the activity of initiator proapoptotic proteins caspase 8 and caspase 9. D) The effect of E2 on the activity of the antiapoptotic protein BCL2-a. Statistical differences relative to the vehicle are indicated by the asterisks (*P , 0.05, **P , 0.01, ***P , 0.001). Bars represent mean 6 SEM (n ¼ 3). E) Immunohistochemical labeling shows the expression of caspase 3, caspase 8, caspase 9, BCL2-a, and IgG control at 25 nM E2. Images were taken under light microscopy at 3400. Bar ¼ 50 lm.
ELEVATED E2 CAN BE DELETERIOUS TO THE PLACENTA high levels impede it [44, 45] . There is also an increased risk for low birth weight and small-for-gestational-age birth in women with high serum E2 levels in the first trimester of pregnancy [46] . Hence, elevated serum E2 levels in firsttrimester trophoblast could contribute to suboptimal perfusion of the developing placenta and reduced uterine artery blood flow, possibly precipitating uteroplacental vascular insufficiency and perinatal disorders [47, 48] .
Because E2 concentrations range between 0 and 10 nM at the end of the first trimester [9] , by testing E2 concentrations between 0 and 100 nM, we were able to bracket the endogenous concentrations found in maternal blood during the first trimester of normal pregnancies. Based on our findings, it appears that elevation of E2 to concentrations above 10 nM initiates significant apoptotic, antiproliferative effects in first-trimester human cytotrophoblast cells. The induction of cell death and inhibition of cell proliferation displayed by E2, as well as the ERa-specific ligand PPT, are mediated by ERa and exhibit concentration dependence. Further, these effects are blocked by the nuclear ER antagonist ICI 182,780. In our experiments, we exposed the cells to E2 for only 24 h. Therefore, rather than actually counting the dead and living cells, we utilized TUNEL and Ki67 assays. The aforementioned sufficiently sensitive methods allowed us to detect short-term differences in cell death and cell proliferation; but in the future, if we wanted to understand if E2 exposure over a period of days would have an impact on the cells, we could determine actual cell counts.
Our results were contingent on the fact that the immortalized cell line HTR-8/SVneo has many advantages, including its ability to resist aging and to be induced to differentiate to an extravillous phenotype [34] . But although the HTR-8/SVneo cell line is an effective model system for first-trimester cytotrophoblasts [33, 34] , there is always concern that a cell line could lack certain properties of the parental cells. However, our results confirmed that a culture of primary trophoblast cells in villous explants also exhibited elevated cell death with increasing E2 concentrations, as measured through TUNEL.
The cell death observed could have been the result of either necrosis or apoptosis, although pyknotic nuclei were observed in the E2-exposed cells during TUNEL assays, which is thought to differentiate between the two forms of cell death [49] . Analysis of cleaved caspases 3, 8, and 9 and BCL2-a activity strongly suggests that cell death was most likely a consequence of apoptosis. Caspase 8 is an initiator of the death receptor extrinsic pathway, whereas caspase 9 is an initiator of the mitochondrial intrinsic pathway, and both can directly or indirectly activate downstream effector caspase 3 [50] . Because both caspase 8 and 9 activities increased with E2 concentrations, and caspase activity does not always trigger apoptosis [51] , it is difficult to firmly establish the mechanism of apoptosis. Nonetheless, because BCL2-a inhibits apoptosis by blocking cytochrome c release from the mitochondria [50] , and BCL2-a activity decreased with increasing E2, it appears that apoptosis is mediated through the intrinsic pathway. Our data also show that the inhibitor of caspase 8 resulted in significantly higher TUNEL indices in the 25 nM E2 solution than did the inhibitors of the other caspases. This reinforces the possibility that E2 operates through the intrinsic apoptotic pathway. Although our data show that caspase inhibitors 3, 8, and 9 and the pan-caspase inhibitor reduced TUNEL indices compared to controls, additional experiments are needed to determine whether caspase activity is actually required for this cell death.
Moreover, our results revealed that E2 and P4 show differing effects on TUNEL indices in first-trimester cytotrophoblast cells. The contrasting effects of the aforementioned hormones have been highlighted by others, including Sweeney et al. [52] , who found that P4 blocked an apoptotic effect induced by E2 administration in MCF-7:5C, a cell line derived from MCF-7 breast cancer cells by long-term estrogen deprivation. In the first trimester of pregnancy, serum P4 levels increase rapidly and reach up to 113 nM, whereas E2 levels rise slowly up to no greater than 10 nM [9, 53] . In contrast to the increased cell death displayed by E2 at concentrations at 10 nM and above, our results show that P4 did not cause a specific effect at concentrations ranging from 0 to 100 nM. Higher P4 concentrations might have revealed different results, as Lui et al. [54] found P4 concentrations at 10 and 100 ng/ml (31.8005 and 318.005 nM) significantly reduced TUNEL indices. However, when combined with 10 nM E2, P4 appeared to reduce the cell death effect induced by E2. There could be various reasons to account for this, including the down-regulation of ER expression by P4 suggested by Chang and Zhang [55] . Future tests on the effect of the combination E2 and P4 treatment should be carried out in order to analyze if P4 reduces E2's effect in other areas, including caspase activity and cell proliferation.
Although E2 is associated with antiapoptotic effects in certain cell populations, including cardiomyocytes [56] and skeletal myoblasts [57] , it is also linked with proapoptotic effects, as we have demonstrated in the present study. Based on our experimental design, we were not able to conclude that the apoptosis observed would lead to impaired placental development or to regrowth and repair of damaged tissue in actual pregnancies. However, we speculate that because many studies have found that increased apoptosis in the first trimester is abnormal [30, 31, 58, 59] , the heightened apoptosis could be detrimental to placental structure and function. Additionally, our finding that E2 displays dose-dependent effects and elicits statistically significant injurious effects is in agreement with other studies. For example, Wong et al. [60] found that E2 concentrations at 10 nM and above led to a significant gonadotropin-releasing hormone mRNA decrease, halting the proinvasiveness of EVTs required for implantation [61] . Given that E2's effects on invasion are modulated by different growth factors [62] , it remains to be determined whether E2 directly affects EVT differentiation, migration, and growth factors involved with invasion.
Overall, our findings regarding E2's effects on cell death, cell proliferation, and cell invasion were notable, but studying how E2 carried out the previously mentioned effects was also important. E2 can instigate its effects through receptormediated mechanisms by binding to either ERa or ERb [63] . Although we found that both isoforms were present in the firsttrimester placenta, and the ER antagonist ICI 182,780 reversed E2-induced apoptosis, only the ERa agonist PPT induced apoptosis and inhibited cell proliferation in HTR-8/SVneo cells. The interaction between E2 and ERa is highlighted in related studies. Das and Basak [64] suggested that E2 participates in autoregulation, stimulating the expression of ERa in human first-trimester cytotrophoblast cells, and Ni et al. [65] found that E2 inhibited the gene expression of CRH in a concentration-dependent manner through an ERa mediated mechanism in primary placental cells.
Taken together, this study reveals that abnormally high E2 concentrations during early pregnancy could hamper normal development of the placenta through increased apoptosis of trophoblast cells. This is physiologically important, as errors in the first trimester of pregnancy contribute to pregnancy complications involving many key players, including those implicated with apoptosis. Nevertheless, many of the mechanisms through which E2 acts and the interactions it forms with other regulators of the first-trimester cytotrophoblast have yet to be examined and thus merit further investigation.
